Abstract
I. Introduction
There is an extensive research about the magnetocaloric effect (MCE) and nowadays the main goal of the MCE study is related to its potential for magnetic refrigeration in the ambient temperature and in cryogenic temperatures [1] [2] [3] [4] [5] . Magnetic refrigeration provides a promising solution for cooling [6] [7] [8] [9] [10] [11] . It is more efficient, inexpensive, and environmentally friendly than the current refrigerator that uses greenhouse gases [12] [13] [14] [15] [16] [17] [18] [19] . Chromites with a formula MCr 2 O 4 (M = Mn, Fe, Co, Ni, Cu) have normal spinel structure with cubic symmetry. According to the spinel structure Mn 2+ and Cr 3+ reside at tetrahedral and octahedral sites, respectively, where corners of tetrahedral and octahedral sites are occupied by oxygen atoms [20] . MnCr 2 O 4 orders ferrimagnetically at low temperature in the range 41-51 K [20] [21] [22] [23] . In addition, it is found that MCr 2 O 4 composite has a very important effect on the NO 2 sensing property for potentiometric sensor [24] . Therefore, there is an increasing interest focused on the investigation of synthesis and properties of MCr 2 O 4 materials.
In this paper, magnetocaloric properties of MnCr 2 O 4 spinel were simulated by phenomenological model. Simulation of magnetization as function of temperature was used to predict magnetocaloric properties at cryogenic temperatures near Curie temperature, such as magnetic entropy change, heat capacity change, temper-ature change, and relative cooling power.
II. Theoretical considerations
According to the phenomenological model proposed by Hamad [25] , magnetization as function of temperature and Curie temperature T C is presented by:
where:
and M i is an initial value of magnetization at ferrimagnetic-paramagnetic transition, M f is a final value of magnetization at ferrimagnetic-paramagnetic transition ( Fig. 1) , B is magnetization sensitivity (dM/dT ) at ferrimagnetic state before transition, S C is magnetization sensitivity (dM/dT ) at Curie temperature T C . Dependence of magnetization as a function of temperature given by the equation of state uniquely determines the Curie temperature T C . Complete alignment of all electrons spins is possible only at low temperatures. As temperature is raised, magnetization is reduced falling slowly at first and then rapidly until a crit- ical temperature T C is reached. Above T C , the specimen is no longer ferromagnetic and becomes paramagnetic. Such a cooperative process may be readily understood from thermodynamic reasoning, since the additional entropy associated with disorder of electron spins makes disordered (paramagnetic) state thermodynamically more stable at high temperatures.
A magnetic entropy change of a magnetic system under adiabatic magnetic field shift ∆H from 0 to final value H max is expressed by:
Therefore, a maximum magnetic entropy change ∆S max (where T = T C ) can be assessed with the following equation:
A full-width at half-maximum δT FW HM of magnetic entropy change can be determined by:
A magnetic cooling efficiency can be evaluated by considering magnitude of magnetic entropy change (∆S M ) and its full-width at half-maximum (δT FW HM ) [25] . Thus, a relative cooling power (RCP) is calculated by:
The magnetization-related change of the specific heat is known [25] and can be expressed by:
According to the phenomenological model [25] ∆C P,H can be rewritten as:
where ∆T = A(T C − T Figure 2 shows magnetization of MnCr 2 O 4 spinel versus temperature for different applied magnetic fields. The symbols represent experimental data determined by Mufti et al. [23] . The temperature range from 5 to 20 K has not been modelled due to helicoidal transition causing inverse magnetocaloric effect (i.e., a positive entropy change). The dashed curves represent modelled data obtained using model parameters given in Table 1 and equation (1) . It can be seen that the calculated results are in a good agreement with the experimental results. In addition, the phenomenological model was used for determination of the changes of magnetic entropy and specific heat as functions of temperature (Figs. 3 and 4) , as well as some other important parameters of MnCr 2 O 4 spinel ( Table 2) .
III. Results and discussion
The magnetic entropy changes of MnCr 2 O 4 spinel are presented in Fig. 3 . It is important to stress that this simple phenomenological model is able to predict the peak and plateau observed in the calculated magnetocaloric effect (MCE) curves. The magnetic entropy change data revealed the characteristics spin reorientation by the kinks in the ∆S M curves. The maxima observed in the |∆S M | curve are associated with a spin reorientation that occurs continuously. The behaviour of this curve suggests how to extend the range of temperatures for use in MCE. The values of maximum magnetic entropy change, full-width at half-maximum, and relative cooling power of MnCr 2 O 4 spinel for different applied magnetic field changes are calculated using eqs. 3-5, respectively, and tabulated in Table 2 . Furthermore, the maximum and minimum values of specific heat changes of MnCr 2 O 4 spinel are determined from Fig. 4 . Moreover, the variation of applied magnetic field allows tuning of T C of the system. The tunable T C makes MnCr 2 O 4 spinel potentially useful for the devel- The temperature range of the entropy change expanded with increasing magnetic field, i.e. the peaks broaden, which can significantly improve the global efficiency of the magnetic refrigeration. Moreover, the observed uniform distribution of ∆S M is desirable for an Ericsson-cycle magnetic refrigerator [19] .
IV. Conclusions
The phenomenological model allows simulating the temperature dependence of the magnetization of MnCr 2 O 4 spinel under different applied magnetic fields. This allows prediction of magnetocaloric properties of MnCr 2 O 4 spinel such as magnetic entropy change, fullwidth at half-maximum, relative cooling power, and magnetic specific heat change under different applied magnetic fields. The obtained results indicate on the prospective application of MnCr 2 O 4 spinel due to the observed magnetocaloric effect at cryogenic temperatures near Curie temperatures. Thus, it is recommended that magnetocaloric effect of MnCr 2 O 4 spinel can be used for an apparatus based on the active magnetic regenerator cycle that cools hydrogen gas. Finally, this phenomenological model is more general and can be applied for other data as well as possible applications of MnCr 2 O 4 .
